Homogeneous nucleation measurements have been made on formic and propanoic acids. The temperature dependence of the critical supersaturation was measured and found to agree well with that predicted by the Katz-Saltsburg-Reiss theory for nucleation in associated vapors.
INTRODUCTION
For more than 50 years since the pioneering work of Volmer and Weber, the theory of nucleation has been tested and refined to a point where there is little doubt that for relatively simple, nonreacting chemical systems it does a rather remarkable job in predicting the onset of observable nucleation.
The situation with regard to more complex chemically reacting systems is much less certain. The existing literature is scarce and deals almost entirely with the theory of vapor to liquid homogeneous nucleation in associated vapors. Even this, however, has done little to answer the crucial questions about the effect of as sociation upon nucleation rate since several authors 1 predict a decrease in nucleation rate with an increasing degree of association while others 2 predict an increase in nucleation rate.
There appear to have been only two attempts to actually observe homogeneous nucleation in vapors exhibiting large degrees of association. The first, over 70 years ago, was a series of cloud point measurements made in a Wilson cloud chamber involving several low · molecular weight carboxylic acids and their corresponding esters. 3 These data are suspect, however, because of questions regarding the vapor temperature after the expansion. 4 The second and most recent set of experiments was a careful measurement of the variation of critical supersaturation with temperature of acetic acid vapor in an upward thermal diffusion cloud chamber. 5 These latter experiments clearly indicate a dramatic decrease in the nucleation rate of acetic acid vapor at temperatures where the vapor is undergoing extensive association. In fact, in this paper (referred to hereafter as I), the authors point out that, with respect to the nucleation rate in a hypothetical vapor of pure acetic acid monomer, the reduction in nucleation rate upon passing to a vapor which is roughly 0. 91 mole fraction dimer (characteristic of their experiments) is of order lots.
This paper reports results of new homogeneous nucleation measurements of highly associated vapors which extend the experiments reported in I to formic acid and propanoic acid.
COMMENTS ON EXPERIMENT DESIGN AND OPERATION
The diffusion cloud chamber used for the experiments described in this paper is similar both in design and aJ.ro whom all correspondence should be addressed. operation to the cloud chamber denoted as CC2 described earlier in I. There are, however, a few important differences. First of all, only the lower plate in this study was Teflon coated. The upper plate surface was uncoated aluminum. The reason for this was simply to make use of the fact that both formic and propanoic acids wet the aluminum surface and form smooth, uniform films of condensate. During all our experiments, the temperature of the upper plate never exceeded 290 K so that chemical attack of the aluminum by either acid was not a problem. In fact, the upper · plate surface never lost the original mirror finish. Operating without a Teflon coated upper plate obviates using a thin layer of glass wool to promote wetting and proper drainage of the condensate film. 6 There were no inlet ports in the upper plate as shown in Fig. 1 of I. Rather, a 0. 95 em o. d. Pyrex tube was fused to the Pyrex ring separating the two chamber plates, and this provided access to the chamber iilterior. Viton gaskets were used to provide a seal between the Pyrex ring and the upper and lower chamber plates. Although Viton is generally recommended for use with these materials, it could not withstand prolonged exposure to either acid. Usually, after an hour or so, the working fluid pool would noticeably discolor, and the gaskets would begin to swell, leading eventually to fracture. The only way to extend gasket life was to empty the chamber after several experiments, rinse the ~ terior thoroughly with distilled water (keeping it completely assembled), and bake and evacuate the chamber for 10 to 12 h. This process could be repeated two or three times for propanoic acid but was not effective for formic acid. We were never able to complete more than one experiment at a time while using formic acid. We attempted to use teflon gaskets but found them to be too hard to provide a vacuum ·seal between the gasket and the teflon coated surface. We were not able to compress these gaskets sufficiently for fear of fracturing the Pyrex ring.
The temperatures of both plates were controlled by constant temperature circulation baths. The upper and lower liquid surface temperatures were measured directly with flat, 0. 01 em thick chromel-alumel thermocouples brought into the chamber through the Pyrex ring in a fashion described in detail in I. The temperature stability of the upper plate liquid film was. ·good, never varying more than 0. 1 K during any one experiment. The lower plate pool was considerably less stable. This was due in part to the depth of the pool (2 -4mm) and to the rather high temperatures necessary to maintain a Nucleation was observed by directing a collimated, heat filtered light beam from a 600 W tungsten iodide lamp through the chamber and observing the forward scattered light from the falling droplets. It was easy to discern when conditions were no longer stable inside the chamber. If there was gasket fracture or thermocouple feed -through failure, we would observe either falling drops with curved trajectories and/or nonuniform nucleation rates throughout the chamber.
The basic principles of diffusion cloud chamber operation and a typical procedure for any one experiment have been discussed elsewhere [5] [6] [7] and need not be reviewed here.
Both carboxylic acids used in this study were obtained from Eastman Organic Chemicals. The originlll "as is" formic acid was guaranteed to only 95% purity, the reason being that formic acid undergoes a continual thermal decomposition to water and carbon monoxide. 8 We analyzed this formic acid and found it to be 97. 6% pure. Using standard techniques, 8 we purified the original stock material until our samples were at least 99. 2% formic acid. We shall return to this point later. The propanoic acid was assayed at 99% purity. Air co 99. 995% Helium gas was used as a carrier gas for all our experiments. No attempt was made to purify further the propanoic acid or the Helium carrier gas. Thermocouple voltages were measured with a Leeds and Northrop K-4 potentiometer in conjunction with a Keithly model 155 microvolt null detector. Trends in the Thermocouple voltages were followed using a Houston omniscribe chart recorder. 
TEMPERATURE AND PRESSURE PROFILES
In order to determine the vapor supersaturation inside the diffusion cloud chamber, it is necessary to solve the coupled energy and mass transport equations which describe the energy and mass fluxes between the two chamber plates. Careful choice of chamber geometry simplifies this problem somewhat since, at large aspect (diameter: height) ratios, the transport processes can be approximated as unidimensional; but the problem is still sufficiently complicated that even for simple two component systems, e. g. , water and helium, the equations do not admit to a convenient analytical solution. Rather; they must be solved numerically to yield the temperature and pressure profiles in the chamber and ultimately the vapor supersaturation. This problem becomes considerably more complex when there are more than two components in the chamber and in the presence of a chemical reaction.
This is the problem we face in making homogeneous nucleation measurements on formic and propanoic acid vapors. It is well known that both these substances exhibit large degrees of association in the vapor, and that the vapor composition is essentially that characterized by the equilibrium association reaction 9 -11 2RCOOH;:::: (RCOOH) 2 , . (1) where R = H or CH 3 CH 2 for formic or propanoic acid, respectively. With this model for the vapor composition, approximate expressions which describe the mass and energy transport in acetic acid vapor have already been developed in I. We shall use this same formalis here with only slight modification.
Neglecting all effects of thermal diffusion, all contrl butions to diffusion arising from external forces and gradients, assuming a perfec~ gas mixture of acid monomer, acid dimer, and carrier gas, and assuming local equilibrium throughout the chamber, it has been shown 5 that (for the steady state, plane parallel diffusion condilions which prevail in the chamber) the pressure and temperature profiles can be written as
respectively. In Eq. (2), P = P 1 + P 2 is the total partial pressure of the diffusing species (monomer plus dimer), Pr is the total chamber pressure, Z is the reduced chamber height z/h, where h is the actuai chamber height, C is the total vapor concentration, and D 13 is the monomer-carrier gas binary diffusion coefficient. L is the reduced molar flux given by (lh)/M~o where l= l 1 + l 2 is the total mass flux (z direction) and M 1 is the molecular weight of the monomer, and {3 = 1 -0. 29<f>. Here, <P = tJl is the dimer flux fraction. In Eq. (3), >..is the mixture thermal conductivity, and Q is the reduced energy flux qh, with q being the energy flux and H=H 1 + <P(HJ2 + H 1 ), where H 1 and H 2 are the monomer and dimer molar enthalpys, respectively.
The solution of Eqs. (2) and (3) which give the pressure and temperature profiles in the chamber has previously been discussed in I. The values for the various thermodynamic and hydrodynamic properties used in their solution are summarized in Table I . An increasingly important probl€m with cloud chamber experiments on the more complex chemical systems is the lack of necessary data needed to evaluate the transport equations. 5 • 12 For instance, data on the vapor thermal conductivity of formic and propanoic acids is almost nonexistent. It is known 13 • 14 that, for reacting vapor mixtures, the thermal conductivity can be expressed as ~= >.. 1 + XR, where XR, the contribution to the total thermal conductivity due to the chemical reaction, can be much larger than the "frozen" thermal conductivity x,.
which ignores the reaction. Butler 
where, in our case, D 12 is the binary diffusion coefficient for the monomer -dimer mixture, t::..H is the enthalpy change accompanying the association -dissociation reaction in Eq. (1), x 1 and x 2 are, respectively, monomer and dimer mole fractions, and n the stoichiometric coefficient in Eq. (1) 1 , we obtain the expressions for the vapor thermal conductivity lor formic and propanoic acids given in Table I . While the calculated values for propanoic acid are in fairly good agreement with available data from the literature, 14 no experimental data for formic acid vapor could be found. Experimental data for the vapor viscosity of either acid were not available in the temperature range of interest and had to be estimated. 18 While some data for the heat capacity of formic acid monomer were available, 19 values for the dimer were not. In addition, heat capacity data for both propanoic acid monomer and dimer 'could not be found. The group contribution method of Rihani and Doraiswamy 20 was used to estimate both the monomer and dimer heat capacities. This method works reasonably well for the monomer, but is only a rough approximation for the dimer. For instance, it gives dimer heat capacities that differ by slightly less than 10% from calculated values for acetic acid 21 and by less that 5% for the N0 2 -NP 4 system. 22 Fortunately, the resulting supersaturation profiles are not very sensitive to the precise value of the heat capacity. We shall return to this point later.
The monomer -carrier gas binary diffusion coefficients D 13 in Eq. · (2) were estimated using the method of Fuller, Schettler, and Giddings.
RESULTS AND DISCUSSION
In Table II , we list the experimental values for the upper plate condensate film temperature T., the surface temperature of the working fluid pool on the lower plate T 0 , and the total pressure Prin the chamber. Each set of these conditions corresponds to an experiment in which the nucleation rate was uniform throughout the chamber and constant at a value of 1-3 drops/(cm 3 s). This data is used in solving Eqs. (2) and (3) for the pressure and temperature profiles in the chamber and ultimately the variation in total supersaturation. Here, total supersaturation refers to both monomer and dimer contributions. This supersaturation profile is then plotted versus temperature for each experiment. These plots (the numbered curves) are shown in Fig. 1 for formic acid and in Fig. 2 for propanoic acid. Just the portion of the profile with the largest values of the supersaturation has been plotted. The envelope of these curves is the experimentally determined variation of critical supersaturation with temperature. In Figs. 1  and 2 , the actual envelopes have not been drawn simply for the sake of clarity.
The solid curve in each plot labeled BDZ is the variation of critical supersaturation with temperature of a hypothetical vapor of acid monomer as given by the Becker -Doring-Zeldovitch theory of homogeneous nucleation. The rate of nucleation in this theory is given by (5) where J' is the nucleation rate in drops/ (cm 3 s ); a is the accommodation coefficient, d the bulk liquid density, a the bulk surface tension, P 8 the equilibrium vapor pressure, M the molecular weight, N 0 the Avogadro number, and R the gas constant. Sin Eq. (5) is the supersaturation ratio defined as P/P 8 where Pis the existing pressure of the vapor. The BDZ curves in Figs. 1 and 2 are calculated setting J' = 1 in Eq. (5) and solving for S at each temperature. The accommodation coefficient was assumed to be unity in all cases.
In both Figs. 1 and 2 , the actual variation of the critical supersaturation with temperature (the envelope of the numbered curves) is clearly higher than the BDZ prediction (the nucleation rate is slower). In fact, the measured nucleation rate in our experiments at 295 K Experimental data for the formic acid and propanolo acid critical supersaturation measurements. T 0 is the surface temperature of the working fluid, T 1 is the surface temperature of the condensate film on the upper plate, and PT is the total pressure inside the cloud chamber. would have to be increased by roughly 10 20 for formic acid and 10 16 for propanoic acid to have the experimental critical supersaturation agree with the BDZ prediction. This is the same sort of behavior observed for acetic acid. 5 The solid curve in Figs. 1 and 2 labeled KSR is the variation of critical supersaturation with temperature given by the Katz -Saltsburg-Reiss theory of nucleation in associated vapors. 1 The role of association in nucleation appears to be twofold: a kinetic effect whereby the growth of a precritical embryo is implemented in an m-sized jump by acquisition of an association cluster containing m monomers; and a thermodynamic effect in which the embryo distribution is skewed by the presence of the association clusters, the former tending to increase the nucleation rate while the latter decreases it. The thermodynamic effect is generally the more important of the two, and the net nucleation rate is decreased.
The rate of nucleation in the Katz-Saltsburg-Reiss model in drops/(cm 3 s) is given by (6) In Eq. (6), the upper summation index m is the number of monomers in the largest association cluster, x 1 is P / P, where P 1 is the partial pressure of the association clusters of size i, P is the existing pressure of the vapor, and S 1 is the monomer supersaturation ratio Pt/P 18 , where P 18 is the equilibrium vapor pressure of the monomer. The curves labeled KSR in Figs. 1 and 2 were obtained by setting J = 1 drop/(cm 3 s) in Eq, (6), assuming a value of unity for the accommodation coefficient and solving for S, the total supersaturation, at a particular temperature. Values for the liquid density, surface tension, equilibrium vapor pressure, and the equilibrium monomer-dimer association constant used in Eqs. (5) and (6) are given in For both formic and propanoic acids, the KSR theory appears to give the correct temperature dependence of the critical supersaturation. The actual value of the critical supersaturation at any particular temperature for formic acid appears to be in agreement with the theory, while it is roughly 14% lower in the case of propanoic acid. There is some question regarding the formic acid data, however, largely because we were restricted to a rather narrow range of operating ternperatures. Apart from the difficulties of working with formic acid described earlier, the large difference in surface temperatures necessary for nucleation (T 0 -T 1 -95 K) as opposed to the relatively small difference between the boiling and melting points (-92 K) seriously limited the temperature range available for measurement. Why this creates a problem is related to the (observed) fact that, in order to obtain reliable, reproqucible experimental data with the diffusion cloud chamber, the ratio of the total pressure to the equilibrium vapor pressure at the lower surface temperature must, in general, be greater than some minimum value Pr· While this idea has been discussed in detail in the past, 7 • 24 the important point is that this minimum value must be determined for each different working fluid.
For instance, the value of Pr for propanoic acid was found to be approximately 3. In all our measurements on formic acid, the largest pressure ratio we achieved was slightly greater than 2, the reason being that the temperature of the liquid pool is always near its boiling point so the total pressure must be rather high; and, as we are using a Pyrex ring to separate the chamber plates, we are necessarily limited to moderate total pressures (51300 mm Hg) for fear of rupturing the ring. The reason we were able to make the nucleation measurements at all is due to the fact that formic acid, as well as propanoic acid, undergo,es a rather large degree of supercooling. Ten degrees of supercooling for formic acid on the upper plate surface was common; while propanoic acid could be supercooled by as much as 15 K. The degree of supercool was not as crucial for propanoic acid as it was for formic, but it did extend the accessible temperature range.
Homogeneous nucleation measurements were made with both the 99. 2% pure formic acid and the 97. 6% as is material obtained from the manufacturer. The resuits in both cases were not significantly greater than our experimental error. It should be remembered, however, that in both cases there is the inherent uncertainty due to the low pressure ratio. Also, regarding the question of impurities, there is the possibility of an impurity being produced in situ because of the acid attack upon the gasket material. While we cannot rule this out completely with the formic acid experiments, critical supersaturation data for propanoic acid are independent of gasket history (old, new, etc.) and the length of time the working fluid was in the chamber (several hours or several days).
Formic acid undergoes a continuous thermal decomposition to water and carbon monoxide. During our experiments, the pool of formic acid was maintained at temperatures in excess of 365 K for several hours so it was necessary to determine the extent of the decomposition and the effect, if any, on the supersaturation. Using literature values for the rate of thermal decomposition of formic acid, 8 the composition of the pool was found to change by less than 1. 2% during any one experiment. This change in composition changes the vapor pressure of formic acid by roughly 2%, 25 and this decreases the critical supersaturation by only 2%. Since fresh formic acid was used for every experiment, and a 2% variation in critical supersaturation was less than the experimental uncertainty, the effect of the thermal decomposition was ignored.
During our experiments, we applied electric fields of up to 140 V /em across the chamber plates to sweep out any natural occurring ions in order to avoid confusing ion-induced nucleation with actual homogeneous nucleation. In all cases, we could discern no change in nucleation rate with or without the electric field for either formic or propanoic acids. This same behavior was also observed with acetic acid. 5 It seems that, at least for the naturally occurring background concentration of charged particles, the onset of ion -induced nucleation is always preceded by homogeneous nucleation for formic, acetic, and propanoic acids. 26 Interestingly, this is just the opposite sort of behavior one observes in the case of . water 6 and the lower molecular weight alcohols. 27, 28 The extent to which the solutions of Eqs. (2) and (3) depend upon the values of the various parameters listed in Table I has been discussed in I and will not be reproduced in detail here. It should be mentioned, however, that the effect the uncertainty in the thermal conductivity, . binary diffusion coefficient, heat capacity, and vapor viscosity discussed earlier in this paper has upon the pressure and temperature profiles and ultimately the supersaturation is relatively small. For instance,• variations of 10% in the binary diffusion coefficient or the vapor viscostiy change the calculated supersaturation by less than 2%. A 50% change in the acid thermal conductivity produces only a 1% change in the supersaturation and finally a 10% variation in heat capacity (monomer or dimer) will alter the supersaturation by less than 2%
